The Sea-Viewing Wide-Field-of-View Sensor ͑SeaWiFS͒ has made monthly observations of the Moon since 1997. Using 66 monthly measurements, the SeaWiFS calibration team has developed a correction for the instrument's on-orbit response changes. Concurrently, a lunar irradiance model has been developed by the U.S. Geological Survey ͑USGS͒ from extensive Earth-based observations of the Moon. The lunar irradiances measured by SeaWiFS are compared with the USGS model. The comparison shows essentially identical response histories for SeaWiFS, with differences from the model of less than 0.05% per thousand days in the long-term trends. From the SeaWiFS experience we have learned that it is important to view the entire lunar image at a constant phase angle from measurement to measurement and to understand, as best as possible, the size of each lunar image. However, a constant phase angle is not required for using the USGS model. With a long-term satellite lunar data set it is possible to determine instrument changes at a quality level approximating that from the USGS lunar model. However, early in a mission, when the dependence on factors such as phase and libration cannot be adequately determined from satellite measurements alone, the USGS model is critical to an understanding of trends in instruments that use the Moon for calibration. This is the case for SeaWiFS.
Introduction
The Sea-Viewing Wide Field-of-View Sensor ͑Sea-WiFS͒ is a second-generation ocean color instrument. As such, its mission was designed in very large part on the lessons learned from its predecessor, the Coastal Zone Color Scanner ͑CZCS͒. 1,2 Contractually, SeaWiFS was the procurement of an ocean color data set by the U.S. government, not an instrument of the government's design 3 ; however, the performance specifications for the instrument included a requirement for direct lunar views to monitor instrument stability. 3 In addition, the performance specifications called for either an internal light source or a solar diffuser as a second monitor of instrument change. The manufacturer of SeaWiFS chose to incorporate a solar diffuser. These design decisions have had a fundamental effect on the stabilitymonitoring program for SeaWiFS.
SeaWiFS was launched on 1 August 1997 onboard the SeaStar spacecraft ͑now called Orbview-2͒. The first images of the Earth were taken on 4 September 1997, and the first lunar measurements were made on 14 November 1997. Since then, lunar measurements have been made on a monthly basis. The SeaWiFS calibration team does not, as yet, use the Moon as an absolute radiometric standard for calibration purposes. The Moon is used solely as a diffuse reflector whose surface remains unchanged. 4 From the outset, the SeaWiFS calibration team did not consider itself to be expert on the surface properties of the Moon. In particular, the team was unable to account for the effects of lunar libration, in which the face of the Moon as seen from the Earth varies over time owing to a slow, periodic wobble of the Moon as it moves through its orbit. As the Moon has an inhomogeneous surface, with a pattern that can be seen from the Earth, the wobble causes a time-dependent change in the lunar irradiance. With the Moon acting as a diffuse reflector of sunlight, this change in irradiance comes from variations in the incidence and the scattering angles of the illuminating and reflected flux from its surface. For incident flux, the angles are parameterized in terms of the lunar ͑selenographic͒ latitude and longitude of the subsolar point. For scattered flux, the angles are parameterized in terms of the selenographic latitude and longitude of the subsatellite point.
With the published description of the U.S. Geological Survey ͑USGS͒ lunar irradiance model, 5 it was recognized by the calibration team that the phase and libration factors in that model are derived empirically, that is, from observations of the Moon by the USGS telescope. As a result, the SeaWiFS calibration team has developed a set of libration corrections based on the long-term set of SeaWiFS lunar measurements. This development has been made possible, in large part, by the limitation of the SeaWiFS measurements to a small set of lunar phase angles. The phase angle is the angle between the Moon-Sun vector and the Moon-observer vector. The change in phase angle over a lunar month is the dominant factor in the cyclical changes in the brightness of the Moon and, therefore, in the USGS lunar model, which covers phase angles from 90°before full phase to 90°a fter. 5, 6 It is a much smaller factor in the SeaWiFS lunar measurements and thus greatly simplifies the analysis by the team.
In Section 2 we present the SeaWiFS measurements of the Moon, plus corrections to remove noninstrumental effects, including libration, from the lunar time series. In that section we also describe the time-dependent changes in the SeaWiFS bands derived from the lunar measurements. In Section 3 we give an overview of the USGS telescope and the lunar model based on its measurements, and in Section 4 we compare the SeaWiFS measurements of the Moon ͑after correction for the time-dependent changes in the SeaWiFS bands͒ with the corresponding values calculated from the USGS model.
SeaWiFS Lunar Measurements

A. SeaWiFS Instrument Overview
SeaWiFS is an eight-band filter radiometer. The bands have nominal center wavelengths of 412, 443, 490, 510, 555, 670, 765, and 865 nm. SeaWiFS consists of a scanner, which contains the optics, detectors, preamplifiers, and scan mechanisms, and an electronics module, which contains the signal conditioning, command, telemetry, and power supply electronics. The SeaWiFS scanner is illustrated in Fig.  1 . Light from the Earth first strikes the primary mirror and then is reflected from the polarization scrambler and from the half-angle mirror before entering the aft optics. The primary mirror and the polarization scrambler are mounted upon a cylinder that rotates six times per second, and the half-angle mirror rotates at half that rate. For lunar measurements SeaWiFS views the Moon in the same manner as it views the Earth. Additional details of the design of SeaWiFS are given by Barnes et al. 7, 8 Results of its prelaunch characterization are given by Barnes et al. 3 SeaWiFS operates in a polar orbit, crossing the equator from north to south at local noon. In normal operation the spacecraft is maintained in a nadir orientation, using pitch-axis momentum wheels for attitude control. For lunar measurements the rotation rate of the momentum wheels is increased, and the spacecraft is pitched in the opposite direction at a rate faster than that of normal operation. The maneuver is timed such that SeaWiFS will view the Moon as the spacecraft Earth's track passes over the sublunar point on the dark side of the Earth. At the end of the maneuver the pitch rate is returned to normal. This maneuver allows SeaWiFS to view the Moon in the same manner as it views the Earth.
Inasmuch as the Moon appears to be a stationary object during SeaWiFS measurements, the number of scan lines in a lunar measurement depends on the pitch rate of the instrument and on the apparent size of the Moon. The pitch maneuver causes SeaWiFS to oversample the Moon. There are approximately 25 scan lines of the Moon in the lunar image, whereas the Moon has a diameter that is equivalent to approximately 7 SeaWiFS samples. Additional details of the lunar maneuver and the lunar sampling procedures are given by Barnes et al. 9, 10 The uncertainty in the number of scan lines in a SeaWiFS lunar image is a principal source of error in the measurements.
B. Geometry, Phase, and Oversampling Factors
At the time of the first SeaWiFS lunar measurement, no lunar model was available to the SeaWiFS calibration team. As a result, the team developed a limited set of normalizing factors for the measurements, such as the Sun-Moon distance and the Moon-instrument distances. 9, 10 As the team uses the Moon to determine long-term instrument changes only, the reference values for the normalizations are set to unity at the start of the mission.
SeaWiFS makes measurements of the input radiance ͑mW cm Ϫ2 m Ϫ1 sr
Ϫ1
͒ within each 1.6 mrad ϫ 1.6 mrad pixel. For lunar measurements, 22 ϫ 33 pixel images are assembled. 9, 10 These images include both the Moon and a surrounding region of pixels of black space. For each SeaWiFS band the radiances from the pixels in the image are summed to give integrated lunar radiances:
where S n is the summed radiance for SeaWiFS band n, N p is the number of samples ͑726͒ in the SeaWiFS lunar image, and L i,n is the radiance for sample i, band n ͑mW cm Ϫ2 m Ϫ1 sr
͒. Normalizing factors are applied to these summed radiances to remove, as best as possible, noninstrumental effects in the measurements. The first normalizing factors make corrections to standard Earth-Sun and Moon-instrument distances:
where S n is the summed lunar radiance for band n, D SM is the Sun-Moon distance ͓in astronomical units ͑AU͔͒, D MV is the Moon-Viewer distance ͑km͒, 1 AU is the mean radius of the Earth's orbit about the Sun, 384,400 km is the mean radius of the Moon's orbit about the Earth, and S An is the normalized radiance. The second normalizing factor corrects the radiances to a standard phase angle of 7°:
where S Bn includes this normalization. The summation term in Eq. ͑3͒ is a second-order polynomial in lunar phase 9,10 based on the lunar reflectance model of Helfenstein and Veverka, 11 which is itself based on the measurements of Lane and Irvine. 12 Helfenstein and Veverka 11 used the average of those measurements, at wavelengths from 360 to 1600 nm, to create a single, best-fit lunar reflectance curve at an undefined wavelength, presumably near 500 nm. Coefficients v i have been set up to give a value of unity at 7°lunar phase, and the units of these coefficients are such that the normalization is dimensionless. Such is also the case for the other normalizations in this section. The second term in Eq. ͑3͒ is an empirically derived, wavelengthdependent correction based on the SeaWiFS lunar measurements. 13, 14 Coefficient ε n ͑dimensionless͒ in the second term is small, with differences among the bands of approximately 1%. Because changes in phase angle cause dramatic changes in the brightness of the Moon, the decision was made to keep the phase angles of the measurements at approximately 7°to minimize the effect. The phase of the Moon changes by ϳ0.75°during a SeaWiFS orbit, so it was anticipated that the variation in the measurements would be less than 0.5°f rom 7°. However, early in the mission, conflicts between the timing of the lunar measurements and the transmission of satellite data to the ground required occasional measurements at phase angles more than 2°from the standard angle. The wavelengthdependent correction adjusts for the effects of these phase angle differences. 13, 14 In addition, the flight operation procedures for SeaWiFS have been modified to minimize the differences of the phase angles from 7°.
The original correction used by the SeaWiFS calibration team included a term for the illuminated area of the Moon, which is also a function of the lunar phase angle. 9, 10 However, it is now known that the illuminated area is part of the values of Helfenstein and Veverka. 11 On average, the effect of the erroneous incorporation of the illumination area is small, ϳ0.1%. It is no longer used in the processing of the SeaWiFS lunar data set.
The rotation rate of the spacecraft during the measurement causes an elongated lunar image ͑see Barnes et al. 9, 10 ͒. In other words, the Moon is oversampled during the measurement. The normalization for this noninstrumental effect is made by use of Eq. ͑4͒:
where S Cn is the summed radiance after normalization and Y M is the size of the Moon in the along-track direction. The oversampling correction in Eq. ͑4͒ represents a significant change from the previous correction by Barnes et al. 10 In that normalization, the extent of the Moon in the along-track direction, which is the direction of oversampling, was determined as the point in the image where the instrument response was 1% of the maximum. Here the normalization is calculated as the ratio of the along-track angular diameter of the Moon as viewed by the SeaWiFS instrument to the Moon's actual angular diameter. The actual angular diameter of the Moon is the physical lunar diameter ͑3474.8 km͒ divided by the Mooninstrument distance ͑D MV ͒ in kilometers. The size of the Moon in the along-track direction ͑Y M ͒ comes from the images themselves, as there is no means of accurately determining the spacecraft's rotation rate during the lunar maneuver. The objective is to determine the locations of the pixels at the top and the bottom of the lunar image that are 50% illuminated by the lunar disk. The size is determined by use of a modified version of an edge detection routine in the IDL programming language. This routine determines the first and second derivatives, as functions of pixel number, in along-track sections of the lunar images. An example of such an along-track profile is shown in Fig. 2 . The profile comes from Fig. 2 of Barnes et al. 10 and is shown to illustrate the basic procedure. The small circles give the SeaWiFS-measured values, and the line is a fitted curve. The diamonds give the locations of the maximum and minimum in the first derivative. However, because of the shape of the profile, other maxima and minima also occur. To account for possible ambiguities, the procedure uses the zerocrossing point for the second derivative that occurs closest to the first pixel that is partially illuminated by the Moon coming from the off-the-Moon direction. This zero-crossing ͑or inflection͒ point provides the location of the maximum rate of change in the SeaWiFS-measured values. This procedure is repeated for each set of along-track measurements by the instrument. The longest distance, from image edge to image edge, gives the size of the Moon. With this procedure, the along-track size of the Moon is approximately 20 pixels for the SeaWiFS measurements. It is estimated that the uncertainty in this size calculation is approximately 0.5 pixel, or ϳ2.5% of the calculated value. The major contribution to this uncertainty comes from the calculation of the edges of the lunar image.
A second contribution to the oversampling uncertainty comes from the misalignment of the alongtrack direction of the spacecraft and the long axis of the illumination of the Moon by the Sun. 15 When the Moon is measured diagonally across its illuminated surface, the along-track size of the illuminated Moon is always smaller than the actual diameter of the Moon. This effect is also dependent on the phase angle for the lunar measurement. For measurements near 7°phase, this effect is small, ranging from zero to 0.3%. For measurements with nearly identical phase angles, the effect adds to the scatter in the time series. However, this additional scatter is small compared with the scatter from the calculation of the edges of the lunar image, and no misalignment correction is applied to the measurement here.
For lunar measurements it is important to ensure, as best as possible, that the measurements from the instrument uniformly cover the Moon's surfacewith no gaps between pixels and with no overlaps. Laboratory measurements have shown the SeaWiFS pixels to be approximately square, 3 with crosssectional areas equivalent to squares with side lengths of 1.60 Ϯ 0.03 mrad. The average side length of 1.60 mrad is used to convert the along-track size of the Moon from pixels to radians in the oversampling correction.
C. Libration Factor
For the SeaWiFS calibration team the libration normalization terms are empirically determined from the set of SeaWiFS lunar observations. They come from an analysis of the values of S CN , that is, from the lunar time series after the removal of distance, phase angle, and oversampling effects. The normalizations use the values from band 3 ͑490 nm͒, band 4 ͑510 nm͒, and band 5 ͑555 nm͒. Within the full set of SeaWiFS bands the long-term changes in these bands are small. The response of band 4, before libration correction, is shown in Fig. 3 . It is representative of the responses of bands 3 and 5, also. Figure 3 shows the values of S Cn from Eq. ͑4͒ normalized to unity for the first lunar measurement. The figure also shows a fit to the data points by linear regression. The slope of the fitted line is not crucial to this normalization. However, its form as a straight line is important. At the conclusion of the normalization for libration, the resultant trends in bands 3-5 are straight lines. The linear form of these calculated trends may be influenced by the manner in which the libration normalization is applied. However, if these trends are small, the deviations in the actual instrument trends from the calculated straight lines should also be small. The normalization uses the ratios of the measured points for bands 3-5 from each of their linear regressions ͑Fig. 3͒. It is assumed that the libration effects 10 and has been normalized to the range from zero to unity. The diamonds give the calculated edges for the cross section. DN, digital numbers. are the same for all wavelengths, so bands 3-5 are representative of the other SeaWiFS bands. These ratios can be represented as dependent variables of any of the libration variables. For the SeaWiFS libration normalization, the independent variables of solar selenographic longitude, spacecraft selenographic latitude, and spacecraft selenographic longitude are used. And, for this normalization, linear dependencies are calculated.
The dependencies for these variables are shown in Figure 5͑d͒ shows the product of the individual effects. The pattern in Fig. 5͑d͒ reflects the basic pattern in Fig. 3 , and it is this pattern that the libration correction removes. The spacecraft's latitude and longitude are periodic functions with different frequencies, and the effect of the difference is evident in the total effect. The solar longitude effect in Fig.  5͑c͒ is not a smooth function with time, as SeaWiFS makes lunar measurements both before and after full phase in the lunar cycle. In addition, there is a small but noticeable phase angle dependence in the data set before the libration correction, with the values for the waxing Moon slightly different from those of the waning Moon. However, this dependence is removed by the libration normalization.
The libration normalization takes the form (5) where S Dn is the summed radiance after normalization and w 1 , w 2 , and w 3 are the coefficients for the solar selenographic longitude ͑⌽͒, the spacecraft selenographic latitude ͑͒, and the spacecraft selenographic longitude ͑͒, respectively. The latitude and longitudes have units of degrees, and the coefficients have units of inverse degrees. The coefficients are calculated by use of linear regressions, and the normalizations are unity at 0°selenographic latitude and longitude. The terms in Eq. ͑5͒ give the libration effects, and the correction is calculated as the inverse of the overall effect. For each libration coefficient, the values of the coefficients for the three individual bands disagree from the average by less than 5%. The SeaWiFS libration corrections are a simplified version of the terms in the USGS lunar model described in Subsection 3.B below. There are no combined terms of the form ⌽ or ⌽, as the Moon is near full illumination and the solar selenographic longitudes for the SeaWiFS measurements are small. These combined terms are significant at large solar longitude angles when the Moon is partially illuminated and the uneven distribution of bright and dark features on the lunar surface become a factor in the measurements. There is also no term in Eq. ͑5͒ to account for the opposition effect, 16 because that effect occurs primarily at phase angles less than 4°, smaller than those for the SeaWiFS measurements. In addition, there is no term in the normalization procedure to account for residual correlations among the libration variables. However, the libration correction was calculated in a two-step process, with a second iteration of the procedure to remove residual libration dependencies in the first step. Finally, there is no solar selenographic latitude term in Eq. ͑5͒ to correspond to the spacecraft's selenographic latitude. The effects of spacecraft and solar selenographic latitudes are correlated, and the spacecraft's latitude provides a satisfactory correction by itself. Figure 6 shows the response of SeaWiFS band 4 before and after libration correction. Figure 6͑a͒ is the same as Fig. 3 . It is shown for comparison with Fig. 6͑b͒ , which gives the response after correction. Figure 6͑b͒ shows a scatter about the fitted line of ϳ0.75%, 1. However, that scatter does not show periodicities with the frequencies of those in Fig. 6͑a͒ .
If there is a residual libration component in Fig. 6͑b͒ , it is lost in the measurement-to-measurement scatter, which is thought to come from the oversampling correction in Eq. ͑4͒. It has a magnitude that is consistent with the uncertainty estimated for the correction.
D. Oversampling Error
The measurement-to-measurement scatter in the oversampling correction provides a major limitation in the determination of long-term instrument changes that use the Moon. For each measurement the oversampling calculation adds an uncertainty to the SeaWiFS lunar irradiance. This is a systematic error that is present to the same degree in all the bands. For the lunar time series the error appears as a scatter in the trends, as it changes from measurement to measurement. The scatter affects the calculated trends as new measurements are added to the data set. Figure 7 shows this effect for SeaWiFS band 4. The figure shows the time series of the calculated linear trends for the values from Fig. 6͑b͒ . The linear trend calculated for measurements 1-6 is ϩ1.1% per thousand days. With the addition of measurement 7, the trend becomes ϩ1.9% per thousand days. The addition of measurements 8 -10 drives the calculated slope negative. As new measurements con- tinue to accumulate, this oscillation in the calculated slopes dampens out. For SeaWiFS an extended set of measurements is required for overcoming the effects of the measurement-to-measurement scatter.
The oversampling scatter is inherent in the current analysis procedure for the SeaWiFS lunar measurements. Its effects are also part of the comparison with the USGS lunar model in Section 4 below. However, with a set of 66 lunar measurements covering approximately 5.5 years, its effects are greatly reduced. For the last seven measurements in the data set ͑Fig. 7͒ the calculated slopes for band 4 have varied by less than 0.1% per thousand days. Finally, the residual scatter from the oversampling error is virtually the same for all the SeaWiFS bands.
To correct for this error it is possible to calculate the fractional difference of each data point from the fitted line in Fig. 6͑b͒ , and this process can be repeated for SeaWiFS bands 3 and 5. When the fractional differences for the three bands are averaged, the result is an oversampling scatter correction that can be applied to all the SeaWiFS bands. The correction is the inverse of the average fractional difference. Figure 8͑a͒ shows the response of band 4 with the removal of the oversampling scatter. Figure 8͑a͒ shows the response before the removal. It is a duplicate of Fig.  6͑b͒ , except for an expanded vertical scale.
The removal of the oversampling scatter does not effect the slope for band 4. The slope is the same for both parts of Fig. 8 . Nor does the removal affect the slopes for bands 3 or 5. Ultimately, the oversampling correction does not effect the slopes for the other SeaWiFS bands-bands that change in a nonlinear fashion with time. However, the oversampling correction does reveal the shape of the nonlinearities ͑see Fig. 9͒ , and, with the shape revealed, it is possible to develop the form for the fitted curves. Those fitted curves, described in Subsection 2.E below, apply equally well to the measured results with, and without, the removal of the oversampling error. The oversampling correction, however, is a step in their development. Figure 9 shows the responses of all eight SeaWiFS bands, each with the same correction for oversampling scatter. For bands 1-6 the changes are less than 2%. For band 7 the change is less than 5%, and for band 8 the change is approximately 13%.
E. Instrument Changes on Orbit
For these calculations to work, it is necessary to know that the instrument's response is changing smoothly over time, without discontinuities. Discontinuities of this sort were present in the measurements of CZCS, 17 the predecessor to SeaWiFS. As a result, a solar diffuser was incorporated into the SeaWiFS instrument. Daily measurements of the solar irradiance reflected from the diffuser 18 have shown no discontinuities in the response of SeaWiFS.
For each band in Fig. 9 there is a fitted curve. For includes terms for each type of curve. In Eq. ͑6͒, y is the calculated response ͑dimensionless͒, t is the time after the first measurement in the data set ͑in units of days͒, z 0 , z 2 , and z 4 are coefficients for the fitted curve ͑dimensionless͒ and z 1 , z 3 , and z 5 are coefficients in units of inverse days. The coefficients for Eq. ͑6͒ are listed in Table 1 . For the data points in Fig. 9 the values are normalized to unity for the first measurement. However, the fitted curves are not forced to unity for the time of the first lunar measurement ͑t ϭ 0, which is day Ϫ777 in Epoch 2000͒, as can be seen from Figs. 9͑a͒ and 9͑b͒. For band 8 the responses agree with the fitted curve at the 0.1% level ͑see Table 2͒ . For the other bands the agreement is better. This result is an indication that the oversampling noise is common to all the bands. In addition, the agreement between the responses and the fitted curves in Fig. 9 gives an indication of the level at which instrument trends can be determined by satellite instruments that use longterm lunar measurements.
The first SeaWiFS lunar measurement was made 105 days after the start of the SeaWiFS mission. If the instrument changes after the first lunar measurement are representative of the changes before, then it is possible to extrapolate the fitted curves in Fig. 9 back to the start of the mission to estimate the changes in the instrument before the first lunar measurement. Those changes are listed in Table 3 . The extrapolations go back to two dates, to the launch of SeaWiFS and to the date on which SeaWiFS made its first image of the Earth. The launch occurred 105 days before the first lunar measurement, and the first SeaWiFS Earth image was obtained 71 days before. During the 34 days between these two events SeaWiFS was raised to its operating orbit and was allowed to outgas. At the date of the first Earth image SeaWiFS began its normal on-orbit operations. The instrument changes and the processes for the changes during the 34-day interim period are unknown to us. Only for bands 7 and 8 are the differences between the two events significant.
For absolute comparisons with the USGS lunar model we assume that the extrapolation to the launch date, as done for the SeaWiFS transfer-to-orbit experiment 19 and for the reflectance-based calibration of SeaWiFS, 18 gives the best estimate of the change in the instrument before the first lunar measurement.
USGS Lunar Measurements
A. USGS Telescope System Overview
A program to characterize the brightness of the Moon for the on-orbit calibration of Earth remote-sensing imaging instruments has been established by the USGS. 20, 21 The basis for this program is the Robotic Lunar Observatory ͑ROLO͒, an automated observatory dedicated to the radiometry of the Moon. ROLO has been observing the Moon in the visible and the near infrared ͑VNIR͒ at wavelengths from 347 to These changes are extrapolations based on the fitted curves in Fig. 9 . The launch of SeaWiFS occurred 105 days before the first lunar measurement. The first SeaWiFS image taken when the instrument was turned on occurred 71 days before the first lunar measurement.
945 nm since 1995 and in the short-wave infrared ͑SWIR͒ at wavelengths from 945 to 2390 nm since 1997.
The observatory is located in Flagstaff, Arizona, at the USGS Flagstaff Field Center in a specially designed dome that houses two telescopes, as shown in Fig. 10 . The optical path through the VNIR telescope and camera is shown in Fig. 11 . The camera uses an array chip with 512 by 512 usable square pixels. 21 A filter enclosure mounted at the entrance to the camera head holds two identical wheels with 18 filter holes in each. The first hole position is empty in both wheels, permitting the use of the filters in the other wheel. Twenty-three filters provide measurements at wavelengths from 347 to 945 nm. The center wavelengths and bandwidths for these filters are listed in Table 4 . This table also includes corresponding information for the eight SeaWiFS bands. Additional details of the VNIR and the SWIR telescope-camera systems are given by Anderson et al. 21 The goal of the ROLO project is to produce a radiometrically calibrated photometric model of the Moon for all libration angles visible from Flagstaff for phase angles from 2°to 90°. However, ROLO observes standard stars as well as the Moon. During the night the Moon is observed at half-hour intervals when it is within 60°of the zenith. Between these measurements and during the remainder of the night, the telescope views the standard stars. The measurement routines observe as many stars as possible to maximize the number of calibration measurements for the telescopes. It is the stability of the ensemble of standard stars, not individual stars themselves, that is used as the photometric reference for determining long-term instrument changes.
Also during each night, a subset of the photometric standard stars is used to determine the atmospheric extinction. 6 Each star in this subset is measured many times over the largest number of zenith angles to maximize the range of air masses in the atmospheric correction. From these measurements the atmospheric extinction algorithm finds a leastsquares solution for the abundances of absorbing gases, and their time dependence during the night. The fitting coefficients derived from this algorithm are used to provide the extinction corrections for the lunar and stellar measurements. 6 The absolute radiance scale for the ROLO telescopes is based on measurements of the star Vega ͑␣ Lyr͒, which are compared with values published in the astronomical literature. 6 Vega is one of the ROLO standard stars, visible in the night sky from April to September. From values in the literature, an exoatmospheric spectral irradiance model for Vega was developed and combined with the spectral responses for the ROLO telescope bands to give effective photon fluxes for Vega in each band. The ratios of the fluxes to the instrument response rates give the absolute radiance scales for the ROLO bands. 22 For satellite calibration purposes, the lunar surface does not change over a period of 10 8 years. 4 However, there are cyclical changes in the radiance of the Moon, particularly over the period of a lunar month. It is the USGS model 5 that removes these cyclical Fig. 10 . Schematic of the ROLO telescope assembly. The single fork mount holds two telescopes pointed at zenith. The VNIR camera and telescope are mounted to the right of the declination ring. patterns from the lunar measurements by the ROLO telescope.
B. USGS Lunar Model
Inasmuch as the Moon overfills each sample ͑pixel͒ measured by the ROLO telescope, the measurements are made as radiance ͑W m Ϫ2 nm Ϫ1 sr
Ϫ1
͒. The individual samples are summed and multiplied by the solid angle for each sample to give a lunar irradiance
where I k Ј is the lunar irradiance for ROLO band k ͑W m Ϫ2 nm Ϫ1 ͒, ⍀ p is the solid angle for sample i ͑sr Ϫ1 ͒, N p is the number of samples in the ROLO lunar image, and L i,k is the radiance for sample i,
͒. For the ROLO measurements, each lunar image includes an edge of pixels of black space. For each band the measured irradiance is reduced to the corresponding irradiance at standard Sun-Moon and Moon-Viewer distances I k :
where D SM is the Sun-Moon distance ͑AU͒, D MV is the Moon-Viewer distance ͑km͒, and 384,400 km is the mean radius of the Moon's orbit about the Earth. Although the observations by the ROLO telescope are made as radiances, the lunar model is developed in the dimensionless units of reflectance. For each ROLO band the conversion from irradiance to effective disk reflectance is
where A k is the effective disk reflectance ͑dimension-less͒, ⍀ M is the solid angle of the Moon at 384,400 km ͑6.4236 ϫ 10 Ϫ5 sr͒, and E k is the solar irradiance at 1 AU, with the same units as I k ͑W m Ϫ2 nm Ϫ1 ͒. Equation ͑9a͒ can be rearranged to give
where I k ͞⍀ M in the numerator gives the average radiance over the entire area of the Moon ͑W m Ϫ2 nm Ϫ1 sr
͒ for the ROLO telescope measurement. When the numerator is divided by the solar irradiance, the ratio of radiance to irradiance in Eq. ͑9b͒ is called the bidirectional reflectance distribution function ͑BRDF͒, with units of inverse steradians. The factor of in Eqs. ͑9a͒ and ͑9b͒ converts the BRDF to the bidirectional reflectance factor ͑BRF͒.
The BRF is defined as the ratio of the radiant flux from a sample surface to that of an ideal surface irradiated in the same way. 23, 24 For an ideal diffuse surface 23, 24 the BRDF has a value of 1͞ sr, and the BRF, by definition, is unity ͑dimensionless͒. Thus, These values have no corrections for the detector response or for the spectral shape of the observed radiation. 21 The corresponding wavelengths for the SeaWiFS bands are also listed. They come from system level instrument measurements and include the response of the detectors. 7 However, they have no corrections for the spectral shape of the observed radiation.
for an ideal diffuse surface and for other surfaces as well, the conversion constant between BRDF and BRF has a value of sr. In reflectance terms the value of A k in Eq. ͑9b͒ gives the effective BRF for the disk of the Moon. Here A k is called the equivalent disk reflectance of the Moon. The USGS lunar model 5 fits the results of the ROLO observations into an empirical analytic form based on primary geometric variables:
where A k is the disk-equivalent reflectance ͑dimen-sionless͒, g is the absolute phase function ͑in degrees͒, and are the selenographic latitude and longitude, respectively, of the observer ͑in degrees͒, and ⌽ is the selenographic longitude of the Sun ͑de-grees͒. As the illuminated fraction of the Moon is a function of the phase angle, disk-equivalent reflectances for ROLO measurements of a partially illuminated Moon are incorporated into the phasedependent terms. In Eq. ͑10͒ the first polynomial represents the basic photometric function dependence on phase angle, disregarding any opposition effect. The second polynomial approximates the dependence on the face of the Moon that is illuminated, primarily representing the distribution of mare and highlands. The four terms with coefficients c n represent the face of the Moon that is seen, with the way in which that face is illuminated taken into consideration. The form of the last three terms, each nonlinear in g, is strictly empirical: the first two represent the opposition effect, and the last one addresses a correlation found in the residuals after the fitting of the other variables. The surface of the Moon exhibits a strong increase in brightness at small phase angles, generally less than 4°. This retroreflection has historically been called the opposition effect. 16 
Comparison
A. SeaWiFS Input to the Comparison
The comparison between the SeaWiFS input and the USGS lunar model is made in terms of the lunar irradiance measured by the satellite instrument. For SeaWiFS this is the summed radiance from Eq. ͑1͒ multiplied by the solid angle for the SeaWiFS measurements, 2.56 ϫ 10 Ϫ6 sr 3 . For this comparison the SeaWiFS lunar measurements have been corrected for instrument change by use of the fitted curves in Fig. 9 ͓Eq. ͑6͒ and Table 1͔ . The corrections are the inverses of the fitted curves. And, as SeaWiFS oversamples the Moon in the along-track direction, the comparison requires the oversampling correction for the measurement from Eq. ͑4͒, which is provided as the along-track image size ͑mrad͒. In addition, the comparison requires that the times and locations of the satellite during the measurements be known to allow the Sun-Moon and Moon-instrument distances, the phase angles, and the selenographic latitudes and longitudes to be calculated. Finally, the comparison requires knowledge of the spectral responses of the SeaWiFS bands. 25 For SeaWiFS the summed radiance, the solid angle of the measurements, and the oversampling correction are used to calculate the SeaWiFS-measured lunar irradiance, that is, the SeaWiFS version of Eq. ͑7͒ for the SeaWiFS bands. In a separate process the USGS lunar reflectance model is the basis for a parallel calculation of the same lunar irradiance, again for the SeaWiFS bands. It is these lunar irradiances that are compared below.
B. USGS Input to the Comparison
The time and location of the SeaWiFS lunar measurements provide the angles required for the solution of Eq. ͑10͒ for the disk-equivalent reflectances at the wavelengths of the ROLO telescope bands. However, the ROLO reflectances must be converted to those for the SeaWiFS bands. Seven of the eight SeaWiFS bands have wavelengths close to the corresponding ROLO bands ͑Table 4͒. Because the Moon's spectral features are broad and shallow, the conversion uses an interpolation between the ROLO wavelengths, with an additional factor that preserves the shape of the Apollo reference spectrum. The effective wavelength for the interpolation is calculated by use of this derived reflectance spectrum plus band averaging:
where is the wavelength ͑nm͒, eff is the effective wavelength for the SeaWiFS lunar measurement ͑nm͒, A is the effective lunar disk reflectance at wavelength from the derived reflectance spectrum described above, E is the solar irradiance at wavelength from the solar model of Wehrli, 26 and R is the spectral response of the SeaWiFS band at wavelength . Because the lunar reflectance, the solar irradiance, and the SeaWiFS spectral response all appear in the numerator and the denominator of Eq. ͑11͒, their units cancel out of the result. The limits of integration give the wavelength range for the SeaWiFS spectral responses, which is 380 -1150 nm. 25 The effective wavelength ͑ eff ͒ is that of the radiance for a SeaWiFS lunar measurement, because the radiance is the product of the lunar reflectance and the solar irradiance. The calculation of the values of eff for the SeaWiFS bands is made once, off line, by use of a nominal lunar reflectance curve. As the spectral shape of the lunar reflectance is virtually constant in the model, the values of eff can be used as constants in a lookup table.
Because the Moon's spectral features are broad and shallow, the lunar reflectance at the SeaWiFS effective wavelength, A eff , is considered to be the lunar reflectance for the band, A n , where n is the index for the SeaWiFS band ͑1-8͒. The lunar irradiance is calculated from this reflectance by
where I n is the lunar irradiance for SeaWiFS band n ͑W m Ϫ2 nm Ϫ1 ͒, ⍀ M is the solid angle of the Moon ͑sr Ϫ1 ͒, and E n is the solar irradiance for band n from Wehrli 26 
is similar to Eq. ͑9a͒. However, the reflectance and irradiance in Eq. ͑12͒ are for band n of SeaWiFS rather than for band k of the ROLO telescope.
The solar irradiance in Eq. ͑12͒ is calculated by band averaging:
This is the same manner in which the value of E k is calculated for Eqs. ͑9a͒ and ͑9b͒. 29 For the adjacent SeaWiFS bands, 490 and 555 nm, the agreement of the three solar irradiance models is better than 1.5%. 29 As a result, we believe that the effects of the Wehrli 26 model on the results presented below are less than 1.5%. And, because the solar irradiances are used as constants, the effects on the differences over time are negligible. The final step in the conversion of the USGS reflectance model to SeaWiFS-measured irradiances is the conversion from the standard Moon-Sun and Moon-instrument distances to those of the actual SeaWiFS measurements, which is the inverse of that in Eq. ͑8͒. To ensure dimensional consistency in the comparison, the units for the SeaWiFS-measured lunar irradiances ͑mW cm Ϫ2 m
Ϫ1
͒ are converted to those for the USGS lunar model ͑W m Ϫ2 nm Ϫ1 ͒.
C. Comparison Results
The results of the comparison are given as the difference ͑in percent͒ of the SeaWiFS-measured lunar irradiances from the model-calculated values. This is the standard form for comparisons with the USGS model. For the 66 SeaWiFS measurements in this comparison, the results are shown in Fig. 12 . The figure also shows the results of linear regressions for each band, which are essentially flat lines. The intercept for each band is given as the difference of the first SeaWiFS measurement in the data set. The slope for each band has units of percent per thousand days. As explained in Subsection 4.A, for this comparison the SeaWiFS lunar measurements have been corrected for instrument change by use of the fitted curves in Fig. 9 ͓Eq. ͑6͒ and Table 1͔ . The comparison is made after the application of those corrections. Table 5 lists the slopes and intercepts for the linear regressions in Fig. 12 . In addition, the table lists the standard deviation of the data points from the linear regression for each band. The slopes in Table 5 are small. Over the 2000 days of measurements, the total change for SeaWiFS band 1 relative to the USGS model is less than 0.1%. For band 7 the total change is less than 0.04%, which is greater than the change for the remaining six bands. However, without the SeaWiFS instrument change corrections the differences from the USGS model would show shapes similar to those in Fig. 9 . With the correction there is no significant trend in the calibration of SeaWiFS relative to the USGS lunar model. For the SeaWiFS calibration team these results are considered to be a test of the team's lunar corrections.
The absolute differences in Fig. 12 derive from the calibrations of the two instruments. The calibration of SeaWiFS is based on prelaunch laboratory measurements of an integrating sphere. 30 The calibration of the ROLO telescope is based on measurements of the star Vega and on published values for that star in the astronomical literature. 6 The estimated uncertainty for the SeaWiFS radiance measurements on orbit is 4 -5%. 8 This range approximates the sizes of the differences between instruments in Fig. 12 and Table 5 .
There is a significant scatter in the data about the fitted curves in Fig. 12 , with standard deviations of approximately 0.8%. The pattern in this scatter is nearly the same for each band. As a result, we attribute this scatter to the measurement-tomeasurement uncertainty in the oversampling correction for the along-track measurements, that is, to the oversampling error. Thus it is possible to apply the oversampling scattering correction, as discussed in Section 2 and shown in Fig. 8 , to the results of the comparison. When this is done, the results are as shown in Fig. 13 and listed in Table 6 . There are small differences in the intercepts and the slopes compared with those in Table 5 . However, the standard deviations about the linear regressions are reduced by factors of 4 -5 compared with those in Table  5 . This is an indication that the large majority of the scatter in the comparison comes from the SeaWiFS measurements and not from some unknown lunar variation. The agreement between the slopes in Tables 5 and 6 is an indication that the oversampling correction does not change the calculated trends for the SeaWiFS lunar time series. As described in Subsection 2.D, the correction is designed to reveal the shapes of the trends in the bands with nonlinear lunar-based changes over time. Other than reducing the calculated standard deviations about the trend lines, the oversampling correction has no significant effect on the comparison.
There is a small common pattern to the scatter in Fig. 13 , with intervals of approximately 0.5-1 year. This is different from the pattern of the scatter in Fig.   Fig. 13 . Differences of the SeaWiFS lunar irradiances from the USGS model after correction for the oversampling scatter in the SeaWiFS measurements. The differences are in percent. The data are the differences of the SeaWiFS lunar measurements from the USGS lunar model. The intercepts are the values of the fitted lines at the time of the first lunar measurement. The standard deviations ͑about the linear regressions͒ give a measure of the scatter in the data.
12, which is assumed to be dominated by the oversampling. The pattern in Fig. 13 has a standard deviation that is approximately twice that for the fitted curves in Fig. 9 ͑Table 2͒. As a result, we have concluded that half, or more, of the scatter in Fig. 13 comes from the comparison with the USGS model and that the remaining scatter is caused by imperfect correction for the oversampling error. Also, the results in Fig. 13 show the level of agreement that can be reached in comparisons of Earth imaging instruments with the USGS model, particularly in terms of changes in the radiometric calibrations of the instruments over time.
Concluding Remarks
The SeaWiFS measurements of the Moon are independent from those of the ROLO telescope. However, the claim of independence of the two techniques must be tempered by knowledge of the similarities in the methods of analysis. Both sets of measurements apply corrections for distances and phase angles and for changes in the portion of the Moon that is observed over time. If this set of corrections is appropriate, then the agreement in the instrument response histories for the two techniques provides a validation of the USGS lunar model by SeaWiFS over the range of SeaWiFS phase angles and vice versa.
As the SeaWiFS mission continues, the understanding of the measurements also continues to develop. As of this writing in 2004, the SeaWiFS project has completed its fourth update of the data set with a reprocessing in July 2002. 31 A fifth reprocessing of the data set, in 2005, is anticipated. Before the July 2002 reprocessing, long-term instrument changes in the data set were based on the assumption that, on average, the 490-and 510-nm bands were not changing over time. 8, 14 We calculated the changes in the other instrument bands by normalizing the output of each band to the average of the 490-and 510-nm bands. 8, 14 In early 2002 a comparison was made with a preliminary version of the USGS lunar model. Based on that comparison, an average change rate of 0.35% per thousand days for those two bands was incorporated into the fourth reprocessing as a substitute for the earlier assumption. 31 Changes for the individual bands were determined by the same normalization to the 490-and 510-nm bands. At that time, the inability of the SeaWiFS calibration team to correct the libration-based oscillations in the lunar data set precluded an independent determination of instrument changes. With the developed understanding of libration presented here it is now possible to determine the changes in each SeaWiFS band without the need for the USGS lunar model as a reference. Also, the instrument changes presented here are nearly identical to those from the fourth reprocessing. The average of the linear change rates for the 490-and 510-nm bands in Table 1 is 0.32% per thousand days.
A developed understanding of libration and other factors in a lunar time series comes from the analysis of an extended data set. The results presented here are based on 66 lunar measurements by SeaWiFS. For satellite instruments at the beginning of on-orbit operations, when the number of lunar measurements is limited, the USGS model is critical to an understanding of instrument trends that use the Moon for calibration.
For ocean color measurements the determination of instrument changes at the level presented here is important. The ocean is dark, and most of the topof-the-atmosphere radiance over oceans comes from the atmosphere. Thus the calculation of the radiance leaving the ocean surface from top-of-theatmosphere measurements comes from the small difference between two large numbers. Small changes in the calibration of the satellite instrument can cause large changes in the water-leaving radiances, with a multiplying factor of ϳ10. The deep ocean gyres, where the water is clear and the chlorophyll concentrations are small, provide sensitive locations for monitoring instrument changes. Over periods of several years or more, the conditions of the gyres are not expected to change, nor are the average water-leaving radiances. 32 With the current lunarbased determination of the calibration history of SeaWiFS, the trends in the global mean clear-water water-leaving radiances measured by SeaWiFS are less than 0.5% per thousand days. 31 The assumption of no long-term geophysical change in the deep The data are the differences of the SeaWiFS lunar measurements from the USGS lunar model after correction for the oversampling scatter in the SeaWiFS measurements. The intercepts are the values of the fitted lines at the time of the first lunar measurement. The standard deviations ͑about the linear regressions͒ give a measure of the scatter in the data.
oceans is central to the interpretation of this result. For satellite calibration purposes, however, the lunar surface is photometrically stable over the period of 10 8 years. 4 The libration corrections presented here are not part of the latest processing of SeaWiFS ͑Reprocessing 4, July 2002͒. Other changes from Reprocessing 4 include calculation of the illuminated fraction of the Moon and of the along-track size of the Moon in Eq. ͑4͒. It is anticipated that these changes will be incorporated into the next SeaWiFS reprocessing. Also, the fitted forms for the time-dependent changes in SeaWiFS bands 3-5, 7, and 8 in Eq. ͑6͒ differ from the form for instrument change in Reprocessing 4, in which each band was treated as a single exponential. 31 At the time of the fifth SeaWiFS reprocessing there will be an expanded set of lunar measurements available for analysis. In addition, it may be possible to incorporate the efficiencies of the USGS computational technique given in Eq. ͑10͒ into the SeaWiFS libration correction. The form of Eq. ͑10͒ that uses the lunar irradiance in logarithmic space provides a potentially improved method for calculating the SeaWiFS libration coefficients compared with the current multiplicative technique. However, these changes should not affect the overall agreement of the SeaWiFS measurements with the USGS lunar model. Support for this research was provided in part by NASA contact NAS5-00141 and by interagency agreement S-41359-F.
